Ozone (O 3 ) is a main component of photochemical oxidants and a phytotoxic air pollutant. Although the current levels of tropospheric O 3 in East Asia could adversely affect productivity of forest tree species, risk assessments of O 3 impact were limited. In this paper, we summarize the methodology of risk assessment of O 3 on forest tree species based on our two previous studies, risk assessments of O 3 impact on the growth of Fagus crenata by Watanabe et al. (2012) and on the annual carbon absorption of three representative conifers, Cryptomeria japonica, Pinus densiflora and Larix kaempferi by Watanabe et al. (2010) . O 3 sensitivity of each tree species obtained from an experimental study, O 3 exposure and atmospheric N deposition based on field monitoring and vegetation survey were integrated by geographic information system method. Based on the results, we conclude that the area with high risk of O 3 impact does not necessarily correspond to the area with high O 3 exposure. The varieties of tree habitat, tree sensitivity to O 3 and annual carbon absorption among the tree species, and N deposition-induced change in the O 3 sensitivity of F. crenata are raised as the factors of discordance between areas with high risk and those with high O 3 exposure. In the last part of this paper, we discuss the present uncertainty and perspectives of risk assessment for the future studies on the impact of O 3 on forest tree species in East Asia.
INTRODUCTION
Tropospheric ozone (O 3 ) is recognized as a widespread phytotoxic gaseous air pollutant, and the concentration has been increasing in the northern hemisphere (ADORC, 2006; Akimoto, 2003; Matyssek and Sandermann, 2003) . In East Asia, relatively high concentrations of O 3 have been frequently recorded not only in the suburbs of big cities, but also in several rural or mountainous areas (Network Center for EA- NET, 2009; Takeda and Aihara, 2007; Wang et al., 2006; Yoshikado, 2004) . Furthermore, the emission of precursors for O 3 in East Asian region has rapidly increased for several decades and this trend will continue in the near future (Yamaji et al., 2008; Ohara et al., 2007) . Therefore, negative impact of O 3 on forest tree species will be emphasized. To develop adequate measures for protecting functions of forest such as carbon sink, timber production and conservation of biodiversity, risk assessment of O 3 impact on forest tree species is quite important. Especially, mapping of high risk areas is useful method for visual understanding and special analyses of the risk.
In Europe, the risk of O 3 impact on forest trees had been discussed and assessed based on the concept of critical level over these two decades (Mills et al., 2010) . The critical level of O 3 for forest trees was calculated from the relationship between the growth of seedlings of O 3 -sensitive tree species and accumulated exposure or accumulated stomatal flux of O 3 (Mills et al., 2010; Karlsson et al., 2007) . The area exceeded critical level of O 3 was mapped as high-risk areas throughout Europe (Simpson et al., 2007) .
In Japan, concentrations of photochemical oxidants are officially monitored. Because O 3 is the main component of photochemical oxidants, atmospheric con-centration of O 3 is also tabulated as that of photochemical oxidants under the Air Pollution Control Law Enforcement Regulations in Japan. In this paper, therefore, the concentration of photochemical oxidants is regarded as that of O 3 . Total number of monitoring stations in Japan is approximately 1200 (Fig. 1) . The estimation of O 3 concentration by model simulation was also developed recently (Yamaji et al., 2008; Tanimoto et al., 2005) . Thus, the brief overview for the distribution of O 3 concentration in Japan has been understood. On the other hand, the knowledge about the effects of O 3 on forest tree species, especially in relation to ecophysiological traits, has been also obtained from the experimental studies although these experiments were mainly conducted with tree seedlings (Yamaguchi et al., 2011) . Risk assessment of O 3 on Japanese forest tree species was firstly reported by Takagi and Ohara (2003) . They estimated the O 3 impact on the growth of commercial conifer, Cryptomeria japonica, in Kanto region. Kohno et al. (2005) estimated the critical level of O 3 for forest trees based on the experimental studies with 18 tree species, and mapped the area exceeded critical level of O 3 corresponding to a 10% growth reduction of O 3 -sensitive tree species throughout Japan. Watanabe et al. (2010) reported risk assessment of O 3 impact on the carbon absorption capacity by forests of Japanese representative afforestation conifers, C. japonica, Pinus densiflora and Larix kaempferi, in each prefecture of Japan. Watanabe et al. (2012) assessed the risk of O 3 impact on the growth of Fagus crenata, a representative broad-leaved deciduous tree species in Japan, with consideration of change in the sensitivity to O 3 associated with atmospheric nitrogen (N) deposition. On the other hand, risk assessment of O 3 in East Asian countries other than Japan is quite limited, whereas high risk of O 3 has been indicated in this region from global scale risk assessment (Sitch et al., 2007) .
In this paper, to develop risk assessment of O 3 impact on forest tree species in East Asian region including Japan, we summarize the methodology of risk assessment based on our two previous studies (Watanabe et al., 2012 (Watanabe et al., , 2010 . In the following section, we define the O 3 risk in this paper. The procedures for each component of the risk assessment are explained in sections 3-6. Section 7 shows some results of the risk assessment of Watanabe et al. (2012 Watanabe et al. ( , 2010 . In section 8, we discuss the present uncertainty and perspectives of risk assessment for the future studies.
DEFINITION OF OZONE RISK
Generally, risk assessment for chemical substances was comprised of evaluations of hazard characterization and exposure (WHO/IPCS, 2004) . Although the hazard characterization includes many aspects of toxicity for the chemical substances, for simplify, it is defined the quantitative effect of one unit of O 3 on target parameter. This term can be described as "O 3 sensitivity" of the tree species. The whole-plant dry mass increment has been used as target parameter for the analysis of O 3 sensitivity because this parameter is highly reflected by accumulating effects of O 3 (Mills et al., 2010; Karlsson et al., 2007) . To determine the sensitivity to O 3 , quantitative relationship between target parameter (i.e. the whole-plant dry mass increment) and O 3 exposure should be established. The O 3 exposure means the accumulated amount of O 3 at an area of habitat for target plant. The AOTx (accumulated exposure over a threshold of x nmol mol -1 ) index has been developed in Europe, and is widely used as an O 3 exposure index for evaluating the effects of O 3 on tree species around the world (Yamaguchi et al., 2011; Kärenlampi and Skärby, 1996) . The previous risk assessments of O 3 for Japanese forest tree species also mainly used this index. The O 3 risk is calculated as a product of sensitivity and exposure to O 3 , and thereby is expressed as relative value (e.g. % of growth reduction). This definition was applied in the risk assessment of O 3 for F. crenata by Watanabe et al. (2012) . On the other hand, Watanabe et al. (2010) estimated not only relative reduction in annual carbon absorption (ACA), but also absolute amount of O 3 -induced reduction in the ACA with a unit of Gg carbon year -1 as the risk of O 3 . It should be noted that the results of risk assessment do not indicate actual effect of O 3 but potensial risk of O 3 on forest tree production. 
EVALUATION OF SENSITIVITY TO OZONE
Generally, exposure studies are applied for evaluating the sensitivity of tree species to O 3 . There are several different systems for O 3 exposure experiment, including closed environmental control chamber, opentop chamber, free air O 3 exposure system and so on. Multiple-year experiment is preferable because the effects of O 3 on perennial plant such as trees would be carried over from the previous growing season to the next growing season (Yonekura et al., 2004) .
The O 3 sensitivities of the target tree species in Watanabe et al. (2012 Watanabe et al. ( , 2010 were evaluated by experimental studies using open-top chambers. The details of the experiments were described in Watanabe et al. (2006) and Yamaguchi et al. (2007) . Two or three-yearseedlings of F. crenata, C. japonica, P. densiflora and L. kaempferi were planted in 12 L pots filled with andisol. The seedlings were grown under 12 experimental treatment conditions, as determined by the combination of 4 gas treatments (charcoal-filtered air and 3 levels of O 3 at 1.0, 1.5 and 2.0 times the ambient concentration) and 3 soil N treatments with NH 4 NO 3 solution (0, 20 and 50 kg N ha
) in open-top chambers during the two growing seasons. At the end of each growing season, dry mass of each plant organ of the seedlings was determined. The O 3 concentrations in the chambers were monitored throughout the experimental period.
The exposure to O 3 significantly reduced the wholeplant dry mass of all the tree species at the end of the experimental period (Yamaguchi et al., 2007; Watanabe et al., 2006) . Interaction between O 3 and N treatments for the whole-plant dry mass were found in F. crenata and L. kaempferi. The N supply enhanced O 3 sensitivity of F. crenata, whereas the opposite response was found in L. kaempferi. There was no significant interaction between O 3 and N treatments for the wholeplant dry mass of C. japonica and P. densiflora.
For F. crenata, the relationship between AOT40 and the whole-plant dry mass increment for a single growing season which was calculated as the difference in the whole-plant dry mass of the seedlings between the ends of the first and second growing seasons, was analyzed ( Fig. 2a) . The absolute value of slope for the regression line was considered as the sensitivity to O 3 . Watanabe et al. (2012) ) for each habitat of F. crenata was as follows:
The necessity for consideration of N deposition-induced change in O 3 sensitivity was also raised in the case of L. kaempferi. kaempferi. In addition, they focused on the effect of O 3 on forest carbon absorption, and the O 3 exposureresponse relationships for the ACA was analyzed. They determined carbon concentration in all organs and calculated the whole-plant carbon content of the seedlings. The ACA was calculated as the difference between the whole-plant carbon contents at the end of the first growing season and that of the second growing season. Fig. 3 shows O 3 exposure-response relationships for the ACA of the three conifers. In this analysis, AOT60 was applied as an index for O 3 exposure due to highest correlation with the ACA among AOTx (Watanabe et al., 2010) . The absolute values of slope for the regression lines were calculated as relative reduction in the ACA per unit AOT60 (i.e. O 3 sensitivity of ACA). The sensitivities of the ACA to O 3 of L. kaempferi and P. densiflora were higher than that of C. japonica (Fig. 3) . The ACAs of C. japonica, P. densiflora and L. kaempferi in each prefecture in Japan were calculated with the following method. The dataset of forest resource assessment in Japan which is offered by Forestry Agency of Japan (2003) was used. This dataset contains the basal area (ha) and stand volume (m 3 ) of each tree species in each forest age class from planting. The forest age class was delimited in 5 years, i.e. Class 1= = 1-5 years, Class 2= =6-10 years etc. Stem volume per unit basal area (m 3 ha
) was calculated and converted to the carbon content of each organ (leaf, stem+ +bran-ches, and root) per unit basal area (kg carbon ha -1 ) according to the method of Forestry and Forest Products Research Institute (2004) . The carbon content of the whole-tree per unit basal area was calculated as the sum of carbon contents of leaf, stem+ +branch and root (Fig. 4a) . The Gompertz curve (Hunt, 1982) was fitted to the relationship between forest age class and the ) as the difference between the whole-tree carbon content per unit basal area of an age class and that of the next age class was calculated based on the regression curve (Fig. 4b) . The O 3 -induced reduction in the ACA per prefecture (C red , Gg carbon year -1 ) of each forest age class was calculated by the following formula:
where 1/5 is conversion coefficient from the 5-year CA to the ACA and R is the rate of reduction in the ACA per AOT60, which is the absolute value of the slope of the regression line between AOT60 and ACA (Fig.  3 ). This C red indicates the reduction in the ACA at an AOT60 compared to that at zero AOT60. Finally, the C red of all forest age classes were summed up.
ESTIMATION OF OZONE EXPOSURE
The concentrations of photochemical oxidants are officially monitored at approximately 1200 monitoring stations throughout Japan as mentioned above (Fig. 1) . Watanabe et al. (2012 Watanabe et al. ( , 2010 used this data set to evaluate O 3 exposure throughout Japan. The number of hours in which the concentration of O 3 is above either 0.06 μmol mol -1 (Num 60 ) or 0.12 μmol mol -1 (Num 120 ) is recorded by all the monitoring stations in Japan and available by the National Institute for Environmental Studies. However, hourly data concerning the O 3 concentrations were available in approximately 40% of prefectures. Ishii et al. (2007) reported a high correlation (r= =0.97) between the sum of Num 60 and Num 120 and the AOT40 over 12 h periods (0600-1800 hours) based on the monthly data between April and September, as calculated from available hourly O 3 concentration data. Therefore, Watanabe et al. (2012) employed the method of Ishii et al. (2007) to estimate the AOT40 for all the monitoring stations in Japan. In the case of Watanabe et al. (2010) , because they estimated the AOT60, modified equation of Ishii et al. (2007) was used. The maps of spatial distribution of AOT40 and AOT60 in Japan were created using the Geostatistical Analyst Extension of the ArcGIS 9.0 software (ESRI inc. USA). The kriging interpolation was applied for the estimation of AOT40 and AOT60 among the monitoring stations. Estimated distribution of AOT40 in Japan was shown in Fig. 5a . The highest AOT40 was distributed in the western part of the Kanto region. Relatively high AOT40 values were distributed not only in areas along the Pacific Ocean where there are many big cities, and also in the areas along the Sea of Japan, including the northern parts of the Chubu and Chugoku regions. The AOT60 showed similar trend with AOT40 (Watanabe et al., 2010) . Watanabe et al. (2012) . The distribution of wet deposition of N in Japan was estimated from these data set. Watanabe et al. (2012) applied the method for estimating dry deposition of N according to Fujita (2004) . This method can estimate atmospheric concentration of N compounds from wet deposition, amount of precipitation and washout ratio (the ratio of concentration of a compound in precipitation to that in atmosphere), and thereby flux of dry deposition. This method is relatively easy to apply to estimate dry deposition of N in large area (e.g. nationwide scale). The washout ratio was obtained from the dataset of Environmental Laboratories Association (2003) . A constant deposition velocity according to Puxbaum and Gregori (1998) was used in the estimation. The dataset for estimating dry deposition of N was the same with that for estimating wet deposition. To create the map of atmospheric N deposition, the inverse distance weighted (IDW) method was applied for estimating values of wet and dry deposition of N among the monitoring stations. Total N deposition (TN dep ) was calculated as the sum of wet and dry depositions of N in the GIS software. As shown in Fig. 5b , relatively high TN dep was estimated in the western parts of the Kanto and Chubu regions. The average TN dep for Japan was 14.8 kg ha -1 year -1 and average ratio of dry deposition to wet deposition was 0.88.
ESTIMATION OF ATMOSPHERIC NITROGEN DEPOSITION IN JAPAN

HABITATS OF EACH TREE SPECIES IN JAPAN
The habitats of F. crenata, C. japonica, P. densiflora and L. kaempferi in Japan were determined from rasterized vegetation data (45′′×30′′ per mesh) of the National Survey on the Natural Environment, conducted by the Ministry of the Environment. These data were obtained from the Japan Integrated Biodiversity Information System (http://www.biodic.go.jp/J-IBIS. html). Geographical meshes containing the vegetation code for each species were taken to be their habitats. For F. crenata, the AOT40 and TN dep in each F. crenata habitat were extracted from the above-mentioned AOT40 and TN dep map, and were used to the calculation of RG red . For C. japonica, P. densiflora and L. kaempferi, the AOT60 in their habitats including plantation areas in each prefecture were averaged and used for the calculation of C red . region were also higher than those for the other areas. The average and maximum estimated RG red values for Japan were 3.2% and 9.7%, respectively. Overall, the RG red for F. crenata was higher at the area with higher AOT40. However, it had 20-30% variation in the same AOT40 values (Watanabe et al., 2012) . As shown in Fig. 6b , when the TN dep was assumed to be zero, the average and maximum estimated RG red values for Japan were 2.3% and 5.7%, respectively. Thus, the average and maximum estimated RG red values increased by 38% and 71%, respectively, when atmospheric N deposition was considered.
DOES THE AREA WITH A HIGH RISK OF OZONE IMPACT CORRESPOND TO THE AREA WITH HIGH OZONE EXPOSURE?
The sum of estimated O 3 -induced reduction in the ACA (C red ) of C. japonica, P. densiflora and L. kaempferi was illustrated in Fig. 7 . The C red in Nagano, Gunma, Akita and Iwate Prefectures were relatively high as compared with those in the other prefectures. The areas with relatively high AOT60 of O 3 did not necessarily correspond to areas with high C red . Although the data of O 3 exposure in Nagano, Akita and Iwate Prefectures were not as high as those in the other prefectures, the estimated C red in these prefectures were relatively high (Figs. 5 and 7) . In Nagano and Iwate Prefectures, it was mainly attributed to the widespread distribution of O 3 sensitive species L. kaempferi and P. densiflora (Fig. 3) . In Akita Prefecture, on the other hand, C. japonica was the primary tree species. The rate of the C red of C. japonica in this prefecture was relatively low because of the relatively low O 3 exposure and high O 3 tolerance of C. japonica (Figs. 3 and   5 ). However, the ACA of C. japonica in Akita Prefecture was highest among all the prefectures. Therefore, we consider that even relative reduction in the ACA in Akita Prefecture is small, total amount of O 3 -induced reduction in the ACA (i.e. C red ) became high because of high ACA. Similar effect also contributed to the high C red of P. densiflora in Iwate Prefecture and that of L. kaempferi in Nagano Prefecture.
Based on the results from two risk assessments, we conclude that the area with a high risk of O 3 impact does not necessarily correspond to the area with high O 3 exposure. The varieties of tree habitat, tree sensitivity to O 3 and ACA among the tree species, and atmospheric N deposition-induced change in the O 3 sensitivity of F. crenata were raised as the factors of discordance between areas with high risk and those with high O 3 exposure. To assess the risk of O 3 impact on Japanese forest tree species, therefore, we must take into account not only the O 3 -exposure but also the differences in the response to O 3 , habitat and the ACA among the tree species.
UNCERTAINTY OF RISK ASSESSMENT AND PERSPECTIVES FOR FUTURE STUDY
The risk assessments that introduced in this paper integrated broad information such as O 3 sensitivity of each tree species obtained from an experimental study, O 3 exposure and atmospheric N deposition based on field monitoring and vegetation survey by GIS method. Similar or broader study has been systematically developed in Europe under Convention on Long-range Transboundary Air Pollution. We should develop our risk assessment for O 3 impact on forest tree species in East Asia because tree species, climate, soil traits in East Asia are quite different from those in Europe.
Recently, the risk of O 3 has been assessed based on the index of accumulated stomatal flux of O 3 , while the exposure index such as AOTx was retained as the recommended method for calculating critical levels for European forests (Mills et al., 2010; Matyssek et al., 2007; Simpson et al., 2007; Emberson et al., 2000) . In fact, several researchers in European countries try to explain the difference of O 3 sensitivities with different environmental conditions by the difference of stomatal O 3 flux (Karlsson et al., 2007) . At the present time, the information on the stomatal uptake of O 3 for forest trees in Japan is very limited (Hoshika et al., 2009) . Furthermore, although a part of O 3 absorbed through the stomata is detoxified by antioxidative systems in the leaves or needles, quantitative evaluation of capacity for detoxification of O 3 is future work worldwide (Fuhrer and Booker, 2003; Massman et al., 2000) . The O 3 sensitivities of F. crenata and L. kaempferi were changed by N load (Yamaguchi et al., 2007; Watanabe et al., 2006) . This phenomenon is a result of many processes such as absorption and detoxification of O 3 , and acclimation including the repair of O 3 damage. These processes may be affected not only by N load, but also by the other environmental stresses such as drought and elevated CO 2 (Matyssek and Sandermann, 2003) . Therefore, understanding and modeling of the effects of environmental changes on each process and their difference among the tree species are needed for accurate risk assessment of O 3 for forest tree species in East Asia.
The sensitivity of tree growth to O 3 was evaluated by the experiment with seedlings in the open-top chamber in the experimental studies of Watanabe et al. (2012 Watanabe et al. ( , 2010 . There may be differences in the sensitivities to O 3 between seedlings and mature trees, and in environmental conditions between open-top chamber and field (Matyssek et al., 2007; Karnosky et al., 2003) . The difference of O 3 sensitivities between juvenile seedlings and mature trees is not clarified, while growth sensitivity to O 3 of mature Fagus sylvatica trees evaluated with free air O 3 exposure experiment (Pretzsch et al., 2009 ) was comparable to that of juvenile seedlings evaluated with open-top chamber experiments (Karlsson et al., 2007) . Analysis of the O 3 effects by multiple regression analysis with the data of long-term monitoring for growth of trees and environmental factors including O 3 concentration would be another useful method for risk evaluation of mature trees (Karlsson et al., 2006) .
We should consider about the variations of O 3 sensitivity not only for inter-species, but also for intra-species. For example, variations such as individual leaf area and physiological traits have been reported among F. crenata genotypes in Japan (Koike and Maruyama, 1998; Hagiwara, 1977) . These genetic variations of F. crenata may have an uncertainty for risk assessment of O 3 because Paludan-Müller et al. (1999) reported that the sensitivities to O 3 of F. sylvatica seedlings differed among the provenances in Europe. We did not have any information on the genetic variability in the sensitivities to O 3 among the genotypes for Japanese forest tree species. In the near future, therefore, the comparison of O 3 sensitivity among the genotypes is needed to improve the quality of the risk assessment of O 3 impact.
As mentioned in the section of Introduction, the brief overview for the distribution of O 3 concentration in Japan has been demonstrated. However, there are several points that should be improved. Hourly data concerning the O 3 concentrations were only available in approximately 40% of prefectures. The monitoring stations for O 3 in Japan have been mainly located in the urban areas because the aim of monitoring is the protection of human health. There is a limited number of monitoring stations in the mountainous and rural areas of Japan. However, O 3 concentration in mountainous and rural areas were sometimes higher than that in urban region . Furthermore, diurnal variation of atmospheric O 3 concentrations in the mountainous areas is generally different from that in urban areas (mainly flatland). Especially, little change in the O 3 concentration under inversion layer is typical phenomenon in the mountainous areas. This phenomenon makes a concern when we estimate AOTx based on the Num 60 and Num 120 according to Ishii et al. (2007) . For example, two constant O 3 concentrations at 70 and 100 nmol mol -1 show the same Num 60 and Num 120 , but different AOT40. Reconsidering of the location of monitoring station for O 3 and availability of hourly data are needed for accurate assessment of O 3 impact on forest trees in Japan. By this reconsidering, we also expect the development of the above-mentioned study on the estimation of O 3 effects on growth of mature trees under field conditions by analyzing relationship between growth and O 3 concentration (Karlsson et al., 2006) .
Risk assessments introduced in this paper were based on the many monitoring data on O 3 and N deposition and the data on vegetation surveys throughout Japan. For several countries in East Asian region, the number of monitoring site and vegetation surveys are limited. Atmospheric model simulation might be better as primary method estimating O 3 concentration in rural sites (Yamaji et al., 2008; Tanimoto et al., 2005) . Remote sensing from satellite have a possibility to be a tool to clarify the distribution of tree species (Katoh, 2004) . Monitoring sites especially related to Acid Deposition Monitoring Network in East Asia (EANET) will play an important role in validation for estimated O 3 concentration by model simulation and evaluation of vegetation by satellite remote sensing.
At the present time, routine method for measuring dry deposition of gases and particles has not yet established, while the method of monitoring for wet deposition is almost completly establishied. Watanabe et al. (2012) applied simple method for estimating atmospheric dry deposition of several N compounds using the data obtained from nationwide researches and constant value of V d (Fujita, 2004 ; Ministry of the Environment, 2004; Environmental Laboratories Association, 2003; Puxbaum and Gregori, 1998) . However, the V d changes with changing environmental factors such as wind speed and air temperature. The development of ideal method for estimating dry deposition of N that can apply to nationwide scale is needed in the near future (Matsuda, 2008) .
CONCLUSIONS
Current levels of O 3 in East Asia could be enough to reduce the production of O 3 -sensitive forest tree species grown in the areas with relatively high O 3 concentration during the growing season. Furthermore, because the gradual increase of O 3 concentration in the near future is predicted, negative effects of O 3 on forest tree species will be a great threat. Therefore, it is an urgent necessity to clarify the tree response to O 3 and the other related environmental factor in forested areas for adequate risk assessment of O 3 impact on forest tree species in East Asia. We expect that this paper will help to develop a framework for the future risk assessment of O 3 impact on trees grown in East Asia.
